Left Atrial Dilatation in Aortic Stenosis
hemodynamic burden at rest and during exercise. To test this, we performed right heart catheterization at rest and during supine exercise in asymptomatic patients with severe AS stratified according to the size of the LA. Furthermore, we performed clinical follow-up to assess the prognostic importance of the indices.
Methods
In a prospective design, 40 outpatients with severe AS were enrolled. Patients aged ≥ 18 years with asymptomatic severe AS defined as estimated aortic valve area (AVA) <1 cm 2 and peak aortic valve velocity >3.5 m/s were invited to participate. One patient was excluded after completing the protocol because of poor echocardiographic images. Patients with LV ejection fraction <50%, permanent ventricular pacing, concomitant moderate to severe valvular disease apart from AS, creatinine ≥200 µmol/L, persistent atrial fibrillation or inability to perform exercise testing were not eligible.
Before enrollment, all patients had been evaluated by an experienced cardiologist who judged the patients asymptomatic. The study was approved by the local ethics committee (S-20130067); all patients provided written consent before enrollment. The study was registered at ClinicalTrials.gov, identifier: NCT02395107.
Echocardiography
A transthoracic Doppler echocardiogram was performed and stored digitally on a Vivid e9 (General Electric, Horten, Norway) ultrasound system. On echocardiography, the patient was given a unique id number to ensure analysis of images could be performed blinded for all invasive data and patient characteristics. Frame rate was kept with a minimum rate of 60 per second. For Doppler recordings the average of 3 to 5 consecutive beats were measured using a horizontal sweep of 75 to 100 cm/s.
AVA was determined using the continuity equation. From the parasternal long-axis view, the diameter of the LV outflow tract was measured from a zoomed image. Peak flow velocity across the valve was determined in the apical window or the echocardiographic window where the highest peak velocity could be obtained by placing the continuous wave Doppler cursor as parallel as possible with the flow across the valve. Peak transvalvular gradient was estimated using the modified Bernoulli equation. Peak systolic flow velocity in the outflow tract was estimated with pulsed-wave Doppler. LV dimensions were measured from the parasternal long-axis view. LV mass was calculated using Devereux equation. 7 An LV mass index of >96 g/m 2 in women and >116 g/m 2 in men together with relative wall thickness of >0.42 defined concentric LV hypertrophy. LV ejection fraction was calculated using Simpson biplane method from the apical 4-and 2-chamber view. LV longitudinal function was further estimated using 2-dimensional speckle tracking. LA maximal and LA minimal volumes were estimated from the apical 4-and 2-chamber views using biplane planimetry, and emptying fraction was calculated. LA maximal volume was measured from the frame just before !mitral valve opening, and the volume was indexed for body surface area. Patients were divided according to a normal LA volume index (LAVi) of <35 mL/m 2 or an increased LAVi of ≥35 mL/m 2 .
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Mitral inflow was assessed in the apical 4-chamber view with the pulsed-wave Doppler sample volume placed at the tips of the mitral valve leaflets during diastole. Mitral annular motion was assessed using pulsed-wave tissue Doppler with the sample volume placed in the septal mitral annulus. Valvuloarterial impedance was calculated as (systolic blood pressure + aortic valvular mean gradient)/stroke volume index. During exercise images were acquired in the apical views with pulsed wave and continuous wave Doppler velocity measurements in the LV outflow tract and across the aortic valve.
Right Heart Catheterization
Right heart catheterization was performed using a standard 7.5-F triple lumen Swan-Ganz catheter (Edwards Lifesciences, Irvine, CA). Using the Seldinger technique and guided by ultrasound, the catheter was introduced under local anesthesia into the internal jugular vein and advanced to the pulmonary artery. At rest, pulmonary capillary wedge pressure (PCWP) was measured at end-expiration; in addition mean right atrial pressure, systolic pulmonary artery pressure (PAP), diastolic PAP, mean PAP (mPAP), and cardiac output were measured.
With the catheter in place, all patients performed a multistage symptom-limited supine cycle ergometer exercise test using an Echo Cardiac Stress Table (Lode B. V., The Netherlands). Workload started at 0 W and increased by 25 W every 3 minutes until exhaustion. During exercise, PAP was recorded continuously and PCWP was measured at 75 W and at peak exercise where it was averaged >10 seconds. Cardiac output was measured using thermodilution as the average of 3 measurements with <10% variance and was indexed to body surface area as cardiac index (CI) at each stage. Brachial blood pressure was measured by sphyngomanometry at each exercise level and arterial blood saturation recoded. At rest and at maximal exercise, a venous blood sample was drawn from the pulmonary artery and immediately analyzed for lactate concentration, mixed venous oxygen saturation, and pH.
Cardiopulmonary Exercise Test
To determine maximal oxygen consumption, patients underwent a standard cardiopulmonary Bruce treadmill test. 8 Respiratory variables (volume of oxygen consumption, volume of carbon dioxide, and heart rate were measured continuously during the test using an online metabolic unit (Amis, 2001; Innovision, Odense, Denmark). Maximum oxygen uptake (VO 2 max) was measured as the highest value >30-second periods during the last part of the test. Maximal respiratory exchange ratio was calculated simultaneously with VO 2 max as ratio between volume of CO 2 to VO 2 max and a value >1.1 suggestive of maximal effort.
Follow-Up
A composite endpoint of unplanned hospital admissions for atrial fibrillation, heart failure, and acute coronary syndrome, aortic valve replacement, and death were recorded. Decision of aortic valve replacement was done by a heart team not participating in the study. Follow-up for composite end point was conducted by review of electronic hospital records and using the Danish Civil Registration System, where all deaths in Denmark were registered within 2 weeks. Follow-up was completed in August 2016.
Statistical Analysis
Data are presented as mean±SD or median (interquartile range) unless otherwise indicated. Between groups, differences were tested using ANOVA, χ 2 , or nonparametric rank-sum test for non-Gaussian distributed variables. Associations between echocardiographic variables (LA volume and E/e′ ratio) and exercise PCWP >30 mm Hg was assessed using receiver operating characteristics curve analysis and from this the optimal post hoc cutoff was identified based on sensitivity and specificity. Simple bivariate associations were assessed using the Pearson correlation coefficient. Multiple regression analyses were used to evaluate associations between invasive and echocardiographic parameters and VO 2 max. Backward stepwise elimination of explanatory variables based on P values was used to identify independent predictors of VO 2 max. Random coefficient mixed-model analysis was performed to compare regression coefficients in repeated measurements in exercise-induced variables.
Parameters associated with composite end point were assessed in univariate Cox proportional hazard analysis, because of small sample size and low number of events, no multivariable modeling was performed.
STATA/SE 14.0 (StataCorp LP, Texas) software was used for statistical analysis. A P<0.05 was considered significant.
Results
Among 39 patients who completed the protocol LAVi was normal in 14 (36%) and increased in 25 patients (64%). Tables 1 and 2 .
Clinical and echocardiographic characteristics are shown in
Although there was no difference in AVA (0.81±0.15 versus 0.84±0.18 cm 2 ; P=0.58) at rest, transaortic peak and mean gradient were significantly higher in patients with LA dilatation (Table 2) . No difference in LV ejection fraction or in global longitudinal strain was found. Concentric LV hypertrophy was present in 7 patients (18%); all had LA dilatation. Furthermore, a higher peak mitral E-wave velocity and lower diastolic e′ velocity was found. Consequently, E/e′ was increased in patients with LA dilatation (15±4 versus 9±2; P≤0.001).
Invasive Hemodynamics at Rest
At rest, most patients had normal hemodynamics. In 14 patients (36%), an increased PCWP>12 mm Hg was found-all with LA dilatation; in 3 patients (8%), mPAP was increased >25 mm Hg, and in 4 patients (10%), a CI of <2.2 L/m 2 was found. A normal right heart catheterization in terms of PCWP, mPAP, and CI was more frequent in patients without LA dilatation (11 patients; 79%) opposed to 12 patients with a dilated LA (48%; P=0.04). No association between resting PCWP and severity of AS in terms of AVA (r=0.23; P=0.14), peak velocity (r= 0.01; P=0.95), or aortic valve mean gradient (r=0.06; P=0.69) was found. Furthermore, the presence of concentric LV hypertrophy was not associated with increased PCWP at rest (concentric hypertrophy 12±4 mm Hg versus no hypertrophy 13±5 mm Hg; P=0.18). We found a linear association between resting PCWP and LAVi (r=0.45; P=0.004), minimal LAVi (r=0.34; P=0.03), and E/e′ (r=0.68; P<0.001; Figure 1 ). Similar associations were found between LAVi and systolic PAP (r=0.51; P=0.001) and mean PAP (r=0.48; P=0.002) and between E/e′ and systolic PAP (r=0.51; P=0.001) and mean PAP (r=0.63; P<0.001)
Invasive Hemodynamics at Exercise
Patients achieved 100±28 W during supine exercise, which was accompanied by a decrease in SVO 2 to 0.35±0.10 and an increase in lactate to 4.6±1.7 mmol/L (Table 3) . A considerable increase in PCWP with exercise was seen in all patients ( Figure 2 ; Table 3 ). At peak exercise, 33 patients (85%) had elevated PCWP>25 mm Hg and 19 (49%) had PCWP>30 mm Hg. Mean PAP during exercise increased >50 mm Hg in 15 patients (38%).
In patients with normal LAVi, 9 patients (64%) developed PCWP>25 mm Hg at peak exercise compared with 24 (96%) in the group with LA dilatation (P=0.02). LA dilation was seen in 17 of 19 patients (89%) with PCWP>30 mm Hg at peak exercise. Receiver operating characteristics analysis found an area under the curve of 0.75 for resting LAVi and 0.84 for E/e′ septal at rest for association with PCWP>30 mm Hg at peak exercise ( Figure 3 ). An LAVI>40 mL/m 2 identified exercise PCWP>30 mm Hg with sensitivity of 0.74 and specificity of 0.8 and E/e′>12 with sensitivity 0.84 and specificity 0.80. Receiver operating characteristics analysis found an area under the curve of 0.75 for resting LAVi and 0.77 for E/e′septal at rest for association with mPAP>50 mm Hg at peak exercise ( Figure 3 ). An LAVI>41 mL/m 2 identified exercise mPAP>50 mm Hg with sensitivity of 0.80 and specificity of 0.75 and E/e′>12 with sensitivity 0.73 and specificity 0.67. Although patients with LA dilatation had higher PCWP at rest and exercise than those without LA dilatation, the magnitude of increase was not different in the 2 groups (P for interaction=0.36) actually the relative increase in PCWP (change in PCWP/resting PCWP) was higher in patients with LAVi<35 mL/m 2 (2.1±0.7 versus 1.6±0.6; P=0.008). The presence of concentric LV hypertrophy was not associated with increased PCWP with exercise in patients with normal versus enlarged LA volume (31±6 versus 31±7 mm Hg; P=0.99). Both LAVi (r=0.64; P<0.001) and E/e′ measured at rest (r=0.65; P<0.001) were significantly associated with PCWP at peak exercise (Figure 1 ).
Peak Oxygen Consumption
Mean VO 2 max was 24.6±6.3 mL/kg, and all but 2 patients (7%) achieved a VO 2 max>85% of expected VO 2 max using the Wasserman/Hansen equations.
9 VO 2 max was significantly lower in patients with PCWP>30 mm Hg during supine exercise testing (21.1±3.9 versus 27.4±6.5; P=0.005). In a linear regression analysis, PCWP at peak exercise and CI at peak exercise determined VO 2 max (R 2 =0.79 for model), whereas LAVi, E/é, AVA, aortic valve mean gradient, resting CI, resting PCWP, valvuloarterial impedance, or stroke volume index provided no additional information.
Follow-Up
Among 39 patients with a median follow-up of 320 days, 12 patients were referred for aortic valve replacement, 3 patients experienced unplanned hospital admission further, and 3 patients died. The cause of death was cancer in 1 and sudden death in 2; both patients had dilated LA of >40 mL/m 2 and severely increased PCWP (>30 mm Hg) with exercise. Composite end point occurred in 14 patients, which on univariate analysis especially was associated with changes in PAP, right atrial pressure, and PCWP with exercise (Table 4) .
Discussion
The present study in patients with asymptomatic severe AS demonstrates that patients with no LA dilatation and normal E/e′ ratio are characterized by low hemodynamic burden even during exercise. Conversely, when LA dilatation is apparent, especially when E/e′ also is increased as well, pulmonary pressures are high especially with exercise. Thus, these simple measures obtained at conventional echocardiography should be incorporated in the evaluation of asymptomatic patients with severe AS.
During ventricular contraction, the atrioventricular plane is pulled toward the apex of the heart, which will cause stretching of the LA with passive filling of the atrium. With diastasis, the atrium and the ventricle will form a single chamber with equalization of LA and LV diastolic pressures. During aging in healthy subjects, LA size remains fairly constant, 10 but with an increase in LV diastolic pressure the LA will be exposed to increased pressure that will cause the atrium to dilate. LA dilatation is frequently seen in patients with LV pressure overload such as hypertension and severe AS. 11 Furthermore, increased LA size has been shown to be associated with a poor outcome 12 in AS patients undergoing aortic valve replacement, 13 and in various other cardiovascular disorders. [14] [15] [16] [17] [18] [19] [20] Our study demonstrates a close association between LA dilatation and increased PCWP and mPAP at rest and during exercise in patients with AS. We found that in patients with pronounced diastolic dysfunction, PCWP>30 mm Hg at peak exercise were characterized by a very high likelihood of LA dilatation (89%). With pressure overload, early diastolic relaxation and recoil are also frequently impaired with consequently reduced early diastolic velocity (e′) measured with tissue Doppler echocardiography. In the present study, and in numerous previous studies, a linear association between Doppler E/e′ and resting PCWP as surrogates for LV filling was demonstrated. 21 In addition, resting E/e′ also demonstrated a linear association with peak exercise PCWP. Thus, although individual changes in E/e′ as a measure of instantaneous changes in PCWP during exercise and in other scenarios have been questioned, 22, 23 the present study clearly demonstrate that if E/e′ is elevated at rest, the likelihood of an exercise PCWP>30 mm Hg is high in patients with asymptomatic severe AS. Although AUC on receiver operating characteristics analysis and correlation coefficients were numerically higher for E/e′ than for LAVi, the study was not powered to assess whether one was superior. However, both seem to carry similar information. Somewhat surprising, the slopes of the pressure increase with exercise were parallel. Although the overall change in PCWP was not statistically different between groups, the relative change in PCWP ([exercise PCWP−rest PCWP]/ rest PCWP) was higher in patients with no atrial dilatation. It could be speculated that an upper limit exists of PCWP that can be achieved with exercise. Therefore, patients with higher resting PCWP possibly have a relatively lower ability to increase PCWP.
Although patients with LA dilatation were more likely to have concentric LV hypertrophy, the proportion of this presentation was low and no difference in LV mass index or relative wall thickness was found between LAVi groups. In addition, the presence of concentric hypertrophy was not associated with higher PCWP with exercise than patients without concentric hypertrophy. Thus, the presence of concentric LV hypertrophy in this population was inferior to LA volume in assessment of hemodynamic burden in terms of increase in filling pressure and PAP with exercise. The poor association of LV hypertrophy/geometry with PCWP may explain why echocardiographic markers of PCWP (E/e′, E/early diastolic strain rate, and LA volume) provide better prognostic information than markers of LV morphology (LV mass index and relative wall thickness) in patients with AS undergoing aortic valve replacement. 13, 24 Where normal reference values for right heart catheterization are well established, limited information is available in healthy subjects of changes in PCWP and PAP during exercise, but generally a PCWP>25 mm Hg with exercise is considered abnormal. 25, 26 Both at rest and during exercise, we found considerable heterogeneity in invasive hemodynamics despite similar AVA and all patients being asymptomatic. At rest, ≈50% of patients had normal PAP, PCWP, and CI. However, with exercise, only 15% had a normal PCWP thus unmasking the hemodynamic consequence of AS. This finding is in agreement with the previous study by Dalsgaard et al 27 demonstrating a considerable rise in PCWP from rest to exercise in a cohort of 28 patients with severe AS. Although their study included both symptomatic and asymptomatic patients, only 9 were asymptomatic. Similar results have been recently demonstrated for patients with diastolic dysfunction after acute myocardial infarction, 28 underlining the importance of stress testing in assessment of asymptomatic patients. Follow-up indicated albeit with low power because of the small sample size for event analysis that the hemodynamic burden and especially the magnitude of changes in pulmonary pressures during exercise was associated with increased risk of the composite end point.
Limitations
Assessment whether a patient is truly asymptomatic or is actually symptomatic and refrain from activities that lead to symptoms is challenging. However, the asymptomatic status of our population was supported by the VO 2 max test, which confirmed that the study population almost uniformly had normal VO 2 max for age, sex, and body weight. As expected, we found that VO 2 max was determined by exercise CI and PCWP.
Echocardiographic assessment of LA size is associated with less than perfect reproducibility, and the use of E/e′ as surrogate for LV filling pressure has inherent limitations. Selection bias is likely as patients with other selected Figure 3 . Receiver operation curve analysis predicting pulmonary capillary wedge pressure (PCWP) >30 mm Hg at peak exercise from and mean pulmonary artery pressure (mPAP) >50 mm Hg at peak exercise. Data are mean±SD. AV indicates aortic valve; CI, confidence interval; HR, hazard ratio; LAVi, left atrial volume index; mPAP, mean pulmonary artery pressure; PCWP, pulmonary capillary wedge pressure; RAP, right atrial pressure; and Vmax maximal velocity. Left Atrial Dilatation in Aortic Stenosis cardiopulmonary comorbidities were excluded and the results may not apply to the total population of patients classified as asymptomatic. However, the exercise capacity in the tested population confirms that this study likely enrolled truly asymptomatic patients.
Hemodynamic measurements were done in the semisupine position, and results may differ when compared with upright exercise. To compensate for the challenges in measuring PCWP during exercise, we used mean PCWP rather than end-expiratory PCWP, which may have underestimated PCWP. This study, although at risk of statistically uncertainty because of a small sample size, is the first to our knowledge to describe the role of LA and its relation to invasive hemodynamics in purely asymptomatic AS.
Conclusion
The present study in patients with asymptomatic AS demonstrate that patients with no LA dilatation and normal E/e′ ratio are characterized by lower hemodynamic burden at rest and during exercise despite severe AS. Conversely, when LA dilatation is apparent, especially when E/e′ also is increased, the hemodynamic burden on the pulmonary circulation is increased especially with exercise. LA dilatation seems to be a morphophysiological sign of the hemodynamic consequence of AS. 
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